Extracellular Ca 21 ions cause a rapid block of voltage-gated sodium channels, manifest as an apparent reduction of the amplitude of single-channel currents. We examined the influence of residue Tyr-401 in the isoform rNa V 1.4 on both singlechannel conductance and Ca 21 block. An aromatic residue at this position in the outer mouth of the pore plays a critical role in highaffinity block by the guanidinium toxin tetrodotoxin, primarily due to an electrostatic attraction between the cationic blocker and the system of p electrons on the aromatic face. We tested whether a similar attraction between small metal cations (Na 1 and Ca 21 ) and this residue would enhance single-channel conductance or pore block, using a series of fluorinated derivatives of phenylalanine at this position. Our results show a monotonic decrease in Ca 21 block as the aromatic ring is increasingly fluorinated, a result in accord with a cation-p interaction between Ca 21 and the aromatic ring. This occurred without a change of single-channel conductance, consistent with a greater electrostatic effect of the p system on divalent than on monovalent cations. High-level quantum mechanical calculations show that Ca 21 ions likely do not bind directly to the aromatic ring because of the substantial energetic penalty of dehydrating a Ca 21 ion. However, the complex of a Ca 21 ion with its inner hydration shell, Ca 21 (H 2 O) 6 , interacts electrostatically with the aromatic ring in a way that affects the local concentration of Ca 21 ions in the extracellular vestibule.
INTRODUCTION
Voltage-gated sodium channels are transmembrane proteins involved critically in a variety of physiological functions, including muscle contraction, generation of action potentials in neurons, and secretion of neurotransmitters and hormones. These channels control the diffusion of Na 1 ions across the cell membrane in response to changes of transmembrane potential. When open, ion channels allow high ionic fluxes while discriminating among ions based on charge and size. Understanding the basis of Na 1 permeation requires the identification of amino acids that form the selectivity filter, a narrow region of the pore where ions are partially dehydrated. As in structurally similar potassium and calcium channels, sodium channels have a pore or ''P'' region, a reentrant loop between the fifth and sixth transmembrane spanning segments in each of four homologous domains ( Fig. 1 ). This P region houses the selectivity filter. In sodium channels, there are four key residues responsible for determining the selectivity of Na 1 over other cations (Fig. 1, boxed residues) . These residues, one from each domain (D), are Asp (D1), Glu (D2), Lys (D3), and Ala (D4), referred to as DEKA (1) . Mutation of any of these residues alters the channel's selectivity.
The side chain of Lys (D3) is perhaps the most important player of DEKA. Changing from DEKA to DEAA eliminates selectivity among monovalent cations (Li 1 , Na 1 , K 1 , Rb 1 , and Cs 1 ) and enhances permeability to divalent cations (Mg 21 , Ca 21 , and Ba 21 ) (1) (2) (3) (4) (5) . Enhanced Ca 21 permeation is obtained for all charge-altering substitutions of Lys (D3), but not by substitution with a charge-preserving Arg (2) . By contrast, wild-type (WT) sodium channels are typically blocked by extracellular Ca 21 ions. The apparent blocking affinity is strongly correlated with the overall negative charge of residues at the DEKA positions, establishing an important role of electrostatics (3) . The close relationship between selectivity and block in these studies suggests that external Ca 21 block occurs at or near the DEKA ring (5) .
Single-channel measurements have shown that block by extracellular Ca 21 is voltage-dependent and fast, manifest as an apparent reduction of single-channel current amplitude. Estimates of the inhibition constant range between 10 and 35 mM, with the blocking site apparently located 20-30% of the way into the transmembrane electric field (3, (6) (7) (8) (9) (10) (11) . A separate effect of changing external Ca 21 concentration ([Ca 21 ]) is a shift in the activation gating range for sodium channels. This phenomenon has been ascribed to Ca 21 ions screening and/or binding to negative surface charges that influence the voltage-sensing mechanism (12) .
Charge-altering mutations involving either DEKA or a more extracellular ring of negatively charged residues ( Fig.  1 , underlined residues EEDD) strongly reduce block by the guanidinium toxins tetrodotoxin (TTX) and saxitoxin. Mutations of residues adjacent to these two charged rings typically have smaller effects, if any, on toxin block. These experiments suggest that the charged rings create part of the extracellular mouth or pore wall of the sodium channel (13) . In addition, neutralizing any negative residue causes a decrease in single-channel conductance, consistent with the idea that the negative charges act to concentrate cations in the extracellular vestibule of the pore (13) . Nevertheless, the influence of charged vestibule residues on Na 1 permeation cannot be explained entirely by the charges of these residues (2, 14, 15) .
Charged residues are not the only determinants of permeation and pore block. An aromatic residue in D1, either Tyr or Phe, is found exclusively in sodium channels that have nanomolar affinity for TTX block (16) (17) (18) (19) (20) . This residue, Tyr-401 in rNa V 1.4, is located between the charged rings in the primary sequence ( Fig. 1 ). Mutating this residue to Cys, its homolog in the TTX-resistant cardiac channel Na V 1.5, results in a decrease in TTX sensitivity, as well as in single-channel conductance (16, 17) . The lowered conductance is similar in magnitude to that found in hNa V 1.5 (16, 17) . Interestingly, the converse mutation in hNa V 1.5 (C374Y) produces no change in single-channel conductance (17) . This residue also affects Ca 21 block. Single-channel recording shows that Na V 1.4 is more sensitive to Ca 21 block than Na V 1.5 (21, 22) ; however, see (10, 11) . This observation leads naturally to the question of how a hydrophobic aromatic residue could enhance the pore block of a small metal cation. One possibility is an electrostatic attraction between the p electrons of the aromatic ring and the cationic blocker.
Recently, we investigated the role of a cation-p interaction between TTX and the aromatic face of Tyr-401 in rNa V 1.4 (23) . This study used in vivo nonsense suppression to incorporate unnatural amino acid analogs of Phe at position 401. Our results showed a monotonic decrease in TTX block as the aromatic ring was increasingly fluorinated, a manipulation that reduces the negative electrostatic potential on the aromatic face. We hypothesize that this negative potential would attract cations that either permeate or block the channel. Our intention here is not to explore the isoform differences that might affect permeation or Ca 21 block. Rather we focus on residue 401 of rNa V 1.4 and ask 1), whether a cation-p interaction is a contributing factor, based on experi-mental data; and 2), whether such an interaction between a metal cation and an aromatic ring can be rationalized theoretically in an aqueous environment.
MATERIALS AND METHODS

Molecular biology and unnatural amino acids
The channel used, pBSTA/rNa V 1.4, was a gift from Drs. Baron Chanda and Francisco Bezanilla. The in vivo nonsense suppression methodology was performed as described previously (24, 25) . Tyr-401 of Na V 1.4 cDNA was mutated into a TAG (Amber stop codon) by standard mutagenesis (QuickChange, Stratagene, La Jolla, CA) and complementary mRNA was transcribed from this mutated cDNA (mMessage mMachine, Ambion, Austin, TX). Unnatural amino acids (aa) were coupled to the dinucleotide dCA, protected with nitroveratryloxycarboyl (NVOC), activated as the cyanomethyl ester, and then ligated to a modified tRNA from Tetrahymena thermophila. This tRNA contains a complementary anticodon to the UAG stop site in the Na V 1.4-Y401TAG cRNA. Deprotection of the aminoacylated tRNA-aa was performed by UV irradiation immediately before injection into Stage V-VI Xenopus oocytes. Typically, 20 ng of tRNA-aa, 25 ng of Na V 1.4-401TAG cRNA, and 2 ng of sodium channel b 1 subunit cRNA (26) were coinjected in a 50-nl volume into each oocyte.
In this study, we used Phe amino acid derivatives appended with fluorines, termed 4F 1 -Phe (single fluorination at position 4), 3,5F 2 -Phe (fluorination at the 3 and 5 positions), and 3,4,5F 3 -Phe (fluorination at the 3, 4, and 5 positions), where Cg is position 1 on the aromatic ring.
Electrophysiology and analysis
Single-channel currents were recorded in the outside-out configuration from Xenopus oocytes using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA), 1-4 days after RNA injection. Patches were obtained in 2 mM Ca 21 external solution and the bath was exchanged to solutions with different [Ca 21 ], as needed, using an ALA BPS-4 perfusion system (ALA Scientific, Westburg, NY). Pipette resistance ranged from 0.9 to 2.0 MV. The external solution consisted of (in mM) 150 NaCl, 2 KCl, (either 0, 0.1, 2, or 10) CaCl 2 , 1 MgCl 2 , and 10 HEPES, pH 7.4; and the internal solution 130 CsF, 10 CsCl, 5 EGTA, and 10 Cs-HEPES, pH 7.3. Corrections were made for liquid junction potentials. Data were low-pass filtered at 5 kHz upon acquisition, and further filtered at 4 kHz offline for analysis of singlechannel amplitudes. Fenvalerate (Sigma-Aldrich, St. Louis, MO) was added to the internal solution at 10-20 mM to produce prolonged open times and enhance open probability at more hyperpolarized voltages (27) . The voltage protocol consisted of a holding potential between À100 and À120 mV and 30-ms test pulses to activate the channels. In some patches, we measured single-channel currents during deactivating tail currents to À70 or À80 mV after a depolarized activating pulse. Amplitudes of single-channel openings were estimated either from amplitude histograms or by cursors in Clampfit (Molecular Devices).
Electrostatic potentials and electrostatic interactions between benzene and a Ca 21 ion were calculated by high-level ab initio methods using the program Jaguar (http://www.schrodinger.com/). The Ca 21 -benzene complex was optimized in the gas phase using the Hartree-Fock model with the split valence 6-3111G** basis set. We computed the free energy of Ca 21 interaction with a benzene ring at the same level of theory, accounting both for the gas-phase ab initio energies and the energies of hydration, using a self-consistent reaction field method with the Poisson-Boltzmann (P-B) solver in Jaguar (28) . No corrections were made for basis set superposition error. The free energy of interaction for each geometry considered was calculated, by a standard thermodynamic cycle, as Interaction energy ¼ E CaÀBenz j ðgasÞ ÀE CaðgasÞ À E Benz j ðgasÞ 1 DG CaÀBenz j ðhydÞ ÀDG CaðhydÞ ÀDG Benz j ðhydÞ ; FIGURE 1 Topology of a voltage-gated sodium channel. Sodium channels are comprised of 4 domains (D1-D4), each with six transmembrane segments (S1-S6). S4 is the primary component of the voltage-sensor (1), and the loop between S5-S6 is the pore (P) region. The aa sequence of the highlighted portion of the pore is shown below each domain. The DEKA ring is outlined, the outer negative ring underlined. Y401 in D1 is one residue above the DEKA ring.
where j represents the number of fluorines on the benzene ring, E Ca-BenzjðgasÞ is the gas-phase energy of the complex, E CaðgasÞ and E BenzjðgasÞ are gas-phase energies of either a Ca 21 ion or benzene, and the free energies of hydration are similarly defined as DG Ca-BenzjðhydÞ ; DG CaðhydÞ ; and DG BenzjðhydÞ : The P-B solver was also used, at the same level of theory, to estimate the electrostatic potential projecting along the C 6 axis from the center of a fluorinated benzene ring in aqueous solution.
The coordinates of a Ca 21 ion with its first hydration shell, Ca 21 (H 2 O) 6 , were optimized at the DFT(B3LYP)/6-3111G** level in the gas phase. The coordinates of this optimized structure were frozen while optimizing its interaction with benzene in the gas phase at the HF/6-3111G** level, and the interaction energies between calcium hexahydrate and benzene were calculated at this optimized geometry, as above. The energy of a Na 1 ion binding at the optimized location for a Ca 21 ion (see Fig. 6 C) was determined at the HF/6-3111G** level in an aqueous environment.
RESULTS
Outside-out patches from oocytes were used to measure single-channel Na 1 currents. Fig. 2 A shows representative single-channel currents of the mutant Y401F (rNa V 1.4 normally has a Tyr at this position) in response to a depolarization to À50 mV (arrow), using an extracellular solution containing 2 mM Ca 21 . This mutant was created by standard mutagenesis and serves as our control for unnatural aa substitutions. The data in Fig. 2 A were converted to an amplitude histogram that was fit by a sum of two Gaussian functions ( Fig. 2 B) . Notice the slight excess of points between the two prominent peaks, largely a consequence of a single opening at a subconductance level. The mean current level was estimated as the difference between the means of each Gaussian function, À1.9 pA at this membrane potential. The prolonged open durations in our experiments are a consequence of internal modification by fenvalerate, which does not affect the single-channel conductance (27) . In agreement with this, Fig. 2 C shows indistinguishable amplitudes of single-channel currents of WT rNa V 1.4 recorded without (open circles) and with (triangles) 20 mM fenvalerate added to the pipette, in this case in the absence of added Ca 21 . Fig. 3 shows representative single-channel openings at À60 mV, in either 0.1 (below) or 10 mM external Ca 21 (above). Raising the external [Ca 21 ] reduces the amplitude of single Phe-401 channel currents ( Fig. 3 A) due to Ca 21 block (3, 6, (8) (9) (10) 21, 22) . Fig. 3 B shows that Ca 21 also blocks the trifluorinated mutant 3,4,5F 3 -Phe401, although less effectively (arrow/dashed line shows current amplitude for the Y401F mutant in Fig. 3 A) . Trifluorination approximately abolishes the negative electrostatic potential of an aromatic ring (29, 30) without significantly affecting hydrophobicity, polarizability, or shape, suggesting that the change in electrostatics is responsible for the relief of Ca 21 block in this experiment. Insets show color-coded electrostatic potential surfaces of benzene and the trifluorinated derivative. On this color scale, red, blue, and green indicate negative, positive, and zero electrostatic potential, respectively. In contrast to the effect on Ca 21 block, the single-channel conductance in 0.1 mM extracellular Ca 21 was not significantly different among the fluorinated variants of Phe-401, ranging between 23.2 6 2.2 pS for 4F 1 -Phe401 and 25.9 6 1.6 pS for 3,5F 2 -Phe401 ( Fig. 4, legend) . This result is consistent with a greater effect of the negative electrostatic potential on the local concentration of Ca 21 ions than on that of Na 1 ions at the entrance of the selectivity filter.
Single-channel current-voltage relationships for Phe-401 and three fluorinated mutants are shown in Fig. 4 at three different Ca 21 The voltage-dependent inhibition constant K(V), based on a simple Woodhull-type model (31) , is defined as
where V is the membrane potential, K j ð0Þ is the inhibition constant at 0 mV for a mutant containing j fluorines (j ¼ 0, 1, 2, 3) at Phe-401, d is the effective fraction through the electric field for a blocker with valence z, and RT/F ¼ 25 mV at room temperature. For the least-squares fit, the value of d was constrained to be identical for all Phe-401 mutants. The monotonic effect of fluorination on Ca 21 block is evident from the block observed at 2 mM Ca 21 and from the estimated values of K j ð0Þ (Fig. 4, legend, and Fig. 5 ). The curvature of the current-voltage relationship, most obvious at 10 mM Ca 21 , is indicative of the voltage dependence of the block. The estimated value of d was 0.18 6 0.03, comparable to previous estimates for Ca 21 block of single sodium channels (6, 10, 11) . The curvature of the currentvoltage relationship is noticeably muted in the trifluorinated mutant ( Fig. 4 D) . Although we can only speculate on this observation, it suggests either that the blocking site is more superficial in this mutant, or that trifluorination reduces the local concentration of cations (see Discussion) whose distribution might be affected by membrane potential. 
DISCUSSION
The side chains of amino acids that line the extracellular aqueous vestibule of a sodium-channel pore could affect permeation in a variety of ways, primarily by consequences on the local concentration or hydration of permeant ions and blockers. Amino acid side chains may, for example, interact directly (i.e., within the range of van der Waals forces) with ions in the vestibule. For permeant ions, such contacts would generally have to be brief to be consistent with the high transport rate through open channels. Vestibule-lining side chains could also contribute to the electrostatic potential experienced by ions. Finally, the protein lining of the vestibule effectively decreases the local dielectric constant compared to water by presenting a dielectric boundary (32, 33) . Deeper residues that line the selectivity filter presumably have the most intimate contact with permeant ions, and also perhaps with small pore blockers. Large effects on permeation and/or block in sodium channels are caused by mutations of either the DEKA selectivity ring or the outer EEDD ring of negative charges (1) (2) (3) (4) (5) 13, 14, 19, (34) (35) (36) (37) . The main exception to these generalities involves the aromatic residue Tyr-401 in rNa V 1.4 and aligned residues in other isoforms. A neutral, nonaromatic substitution of this residue decreases TTX affinity by as much as three orders of magnitude (16) (17) (18) . A substantial component of cationic TTX's binding energy is due to an electrostatic interaction with the p system of Tyr-401 (23), suggesting that the aromatic ring is oriented to face the permeation pathway. This raises the possibility that other extracellular cations, especially Na 1 and Ca 21 , are also attracted to the negative electrostatic potential on the aromatic face of this residue.
The electrostatic potential projecting out from the center of a benzene ring in aqueous solution, and the effects on it of fluorination, are shown in Fig. 6 A. These estimates agree with experimental and theoretical analyses showing that trifluorination effectively neutralizes the quadrupole moment (29, 30) . In fact, the quadrupole moment is slightly reversed in sign by trifluorination ( Fig. 6 A) , in agreement with experimental observations (38) . The results of this study show that systematic fluorination of the aromatic ring progressively reduces Ca 21 block without affecting the single-channel conductance for Na 1 ions. We explore here whether these results are consistent with an electrostatic mechanism.
A negative electrostatic potential on the aromatic face of residue 401 could enhance Ca 21 block in two ways. First, a Ca 21 ion might bind directly (essentially at van der Waals contact) to the face of the aromatic ring where it would prevent the flux of Na 1 ions. Second, the negative potential might increase the probability that a Ca 21 ion would be found in the vicinity of the blocking site without direct contact between the metal ion and the aromatic ring. We favor the second scenario. Direct binding of Ca 21 to a simple aromatic ring would require partial dehydration of the Ca 21 ion, an energetically costly task for the diffuse quadrupole moment of an aromatic ring (39) . To show this explicitly, we determined the binding energy of a Ca 21 ion to benzene, using high-level (HF/6-3111G**) ab initio calculations. The optimized position for Ca 21 in the gas phase was on the C 6 symmetry axis of the benzene ring 2.54 Å from its center (Fig. 6 B) . Although the interaction energy is highly favorable at this position in the gas phase, À64 kcal/mol, the Gibbs free energy for Ca 21 binding in an aqueous environment is highly unfavorable, 131 kcal/mol, a consequence of the substantial mismatch between the hydration energies of a Ca 21 ion (DG CaðhydÞ ¼ À390 kcal/mol) and benzene (DG BenzðhydÞ ¼ À1.5 kcal/mol). We present this result graphically in Fig. 6 B by plotting the calculated free energy of the interaction of a Ca 21 ion with benzene as a function of distance from the center of the benzene ring. The solid and dotted lines represent the interaction energy in the gas phase and in aqueous solution, respectively. Benzene (black) attracts a Ca 21 ion in the gas phase and repels it in water; this conclusion holds at any distance .;2 Å from the center of the aromatic ring. Fig. 6 B also shows the effect of fluorination on these interaction energies. The vertical dotted line highlights these energies at the optimized position of Ca 21 in the gas phase. Both in gas and in aqueous solution, fluorination diminishes the energy of interaction between Ca 21 and benzene at distances closer than ;4.5 Å . Note that at larger distances water molecules would be able to penetrate the space between the cation and the aromatic ring. Therefore, although a benzene ring has a net repulsive effect on a Ca 21 ion in water, the repulsion is exacerbated by fluorinating the ring. From the point of view of a cation, we might say that the negative electrostatic potential ameliorates the hydrophobic (unattractive) properties of the aromatic side-chain. These calculations FIGURE 5 Exponential effect of fluorination on the inhibition constant for Ca 21 block. The data points are the estimates (6 standard error) of the inhibition constants at 0 mV, i.e., K j (0), from Fig. 4 (j is the number of fluorines). The best-fit theoretical curve is K j (0) ¼ 19.2exp(0.344j) mM. strongly suggest that in aqueous solution Ca 21 ions do not make direct contact with the aromatic ring of Tyr-401 (or Phe-401), but that fluorination nevertheless has an electrostatic effect on Ca 21 ions in the vicinity of the ring. To rationalize the unfavorable interaction energies in water, we explore an alternative viewpoint, namely, that an appropriate treatment of the interaction between an aromatic ring and Ca 21 must include explicit water, specifically the inner hydration shell of the cation.
The substantial desolvation penalty for a Ca 21 ion, ;30 kcal/mol to remove one water molecule from the inner hydration shell, indicates that when interacting with an aromatic ring, Ca 21 will maintain this hydration shell of six waters (40, 41) . Nevertheless, the charge of the cation will orient and polarize the hydration waters so that the hydrated complex, Ca 21 (H 2 O) 6 , can interact favorably with the face of an aromatic ring (42, 43) . In essence, calcium hexahydrate is a larger, more polarizable cation than an isolated Ca 21 ion. The increased size and delocalized charge is expected to decrease the interaction energy with a benzene ring (43) (44) (45) . Fig. 6 C shows the octahedral arrangement of waters in calcium hexahydrate and the optimized geometry of this metal-water complex with benzene. The Ca 21 ion lies 5.70 Å from the centroid of benzene at an angle of 8.9°from the normal of the aromatic ring plane. The interaction energies of calcium hexahydrate with benzene in this optimized geometry are À10.6 and 13.7 kcal/mol in gas and water, respectively, significantly smaller in magnitude than the energies observed for an isolated Ca 21 ion, in part because of the greater distance between hydrated calcium and the benzene ring. We determined the effect of fluorinating the benzene ring on the binding energy of calcium hexahydrate, calculated at the fixed, optimized geometry shown in Fig.  6 C. These interaction energies are plotted in Fig. 6 D as a function of the number of fluorine atoms appended to the benzene ring. As in the case of a nonhydrated Ca 21 ion (Fig.  6 B, vertical dotted line) , the interaction energy increases monotonically as the benzene ring is progressively fluorinated ( Fig. 6 D) . The relationship is steeper when calculated in the gas phase.
The energetic effect of altering the benzene ring, a linear increase in interaction energy with fluorination ( Fig. 6 D) , leads to a prediction of the consequences of fluorination on Ca 21 block. Fig. 7 shows a molecular model of the outer vestibule of the pore of the sodium channel (46) , with calcium hexahydrate aligned in its optimized geometry with FIGURE 6 Electrostatic potentials and Ca 21 -binding energies. (A) Electrostatic potential (ESP) for benzene and its fluorinated derivatives. Electrostatic potential was determined along the C 6 axis projecting from the center of the benzene ring using a polarizable continuum model of water. (B) Interaction energy of a Ca 21 ion with benzene and fluorinated derivatives along the C 6 axis. Gas-phase energies are plotted as solid lines, and aqueous energies as dashed lines. Values were calculated in 0.5-Å increments from 2 to 4 Å and in 1-Å increments for greater distances. The vertical dotted line is set at the minimum-energy distance between the Ca 21 ion and benzene. This line shows that progressive fluorination monotonically destabilizes the attraction of Ca 21 for the aromatic ring. (C) Optimized geometry of the complex between calcium hexahydrate and a benzene ring. (D) Interaction energy between calcium hexahydrate and benzene, calculated in gas or in water at the optimized geometry shown in C. The energies increase linearly with the number of added fluorines.
the aromatic ring of Tyr-401. The side chains of the DEKA ring are shown below Tyr-401. The transparent, solventaccessible surface of the hydrated Ca 21 ion is also shown. Previous modeling and experimental evidence suggest that the aromatic ring of Tyr-401 faces the central axis of the pore (23, 46) , and that a stable blocking site for Ca 21 is likely to be at the DEKA ring, where it can interact with the two acidic side chains (3). The structural model in Fig. 7 , with calcium hexahydrate at a more superficial location near Tyr-401, is also likely to be nonconductive for Na 1 ions because of both the substantial volume occupied by the hydrated metal ion and its charge. Therefore, this conformation is also a blocked state, albeit weaker, presumably, than the site at the DEKA ring. We propose that the aromatic ring does not interact with this hydrated ion when it is in its deeper blocking site at the DEKA ring. Rather, the aromatic side chain affects the local concentration of Ca 21 (½Ca 21 local ) in the immediate vicinity of this deeper site. Within the limits of reliability of the structural model in Fig. 7 , a hydrated Ca 21 ion must pass near the aromatic face of Tyr-401 on its way to its deeper site at the DEKA ring. The probability of finding calcium hexahydrate at the location shown in the figure can be expressed as
where j is the number of fluorines, DG j ¼ DG Phe j 1 + k DG k is the free energy of calcium hexahydrate at that location, R is the universal gas constant, and T is the absolute temperature. DG Phe j is the contribution to the free energy of the aromatic ring, and + k DG k represents all other contributions due to the environment in the vicinity of the aromatic side chain. If we assume that in this aqueous environment p j is very low, due both to the low dielectric walls of the vestibule and to the positive energy contributed by the aromatic ring ( Fig. 6 D) , then
The ½Ca 21 local is proportional to p j ; leading to the prediction that the ratio of inhibition constants K j ð0Þ=K 0 ð0Þ ¼
Because DDG j increases linearly with fluorination ( Fig. 6 D) , this exponential relationship conforms exactly with our experimental results (Fig. 5) .
It remains for us to consider why the electrostatic effect of fluorinating the aromatic has little consequence on singlechannel conductance. The primary reason, we propose, is that changes in electrostatic potential will have a larger effect on divalent Ca 21 ions than on the monovalent Na 1 ions that carry the inward current. Using the above quantum-mechanical approach for calculating the interaction energy of a Na 1 ion with benzene in water, we find, for example, that trifluorinating benzene has an approximately sixfold greater effect on ½Ca 21 local than on ½Na 1 local at a distance of 4 Å from the center of the ring. Therefore the approximately threefold increase in K j (0) for Ca 21 block between Phe and 3,4,5F 3 -Phe ( Fig. 5) would correspond roughly to a 50% decrease in ½Na 1 local : This would have only a moderate effect on singlechannel current amplitude, because [Na 1 ] has a nonlinear, saturating relationship with single-channel conductance (6, 14, 47) .
The above analysis sidestepped the explicit role of the conserved negatively charged ring (Fig. 1, EEDD) that will tend to concentrate cations within the extracellular vestibule. Functional studies suggest that the negative electrostatic potential in the vestibule is in excess of À100 mV (14, 48) . As we have seen here, however, a more challenging task for the channel is to overcome the energetic burden for metal cations to leave the relative comfort of the extracellular solution and enter a cavity lined by low-dielectric protein.
Our calculations show that even in the presence of an FIGURE 7 Model of the extracellular vestibule of the channel showing calcium hexahydrate in optimal apposition to Tyr-401 ( Fig. 6 C) . The molecular model (46) depicts part of the pore helix and pore loop from each domain of the sodium channel. The side chains of Tyr-401 and the DEKA ring are rendered. Calcium hexahydrate is shown enveloped by a transparent solvent-accessible surface. electrostatic potential of À140 mV at a distance of 5.7 Å from a benzene ring ( Fig. 6 A) , the aqueous environment remains unfavorable for Ca 21 (115.3 kcal/mol) and only slightly favorable for Na 1 (À0.24 kcal/mol). Nevertheless, neutralizing any of the EEDD charges has substantial effects on both cation block and single-channel conductance (13, 14, 19, 34, 35) , confirming a strong role for electrostatics.
The cation-p interaction has been examined extensively in the past two decades and is now known to play a significant energetic role in the interaction between organic cations and proteins, as well as between basic and aromatic side chains in proteins (45, 49, 50) . A previous study, however, found no evidence for a postulated cation-p interaction between the divalent cation Mg 21 and the aromatic side chain of a Trp residue in a glutamate receptor (51) . As we discussed here, this may not be surprising when the cation is very small and highly charged. One feature of a strong cation-p interaction is the match of hydration energies between a large cation, with its delocalized charge, and an aromatic ring. In the absence of other energetic constraints, the hydration mismatch between a Ca 21 ion and an aromatic ring precludes direct binding, despite a powerful electrostatic attraction. Nevertheless, we observe a systematic reduction of blocking affinity for Ca 21 as Phe-401 is progressively fluorinated, a distinguishing characteristic of a cation-p mechanism. Although induction (polarization) energy makes an attractive energetic contribution for both monovalent and divalent cations with benzene (52, 53) , the predominant consequences of fluorination arise from changes of the electrostatic interaction between the metal cation and the quadrupole moment of the aromatic ring (30, 54) . In comparison to the threefold destabilization of Ca 21 block, trifluorinating Phe-401 destabilizes the organic pore-blocker TTX, a monovalent cation, by 50-fold (23), suggesting a more intimate interaction between Phe-401 and the larger toxin in its binding site.
Although our study reveals a modest role for a cation-p mechanism in the interaction between a Ca 21 ion and an aromatic residue at position 401, it does not address isoform differences between TTX-sensitive channels that have an aromatic residue at this position and TTX-resistant channels that have either a Cys or a Ser at 401. Differences in Ca 21 block between these two classes of sodium channels is a disputed experimental observation (compare works by Weiss and Horn (21) and Chahine et al. (22) with studies by Ravindran et al. (10) and Sheets and Hanck (11) ). This suggests that other factors might contribute to functional differences between these types of channels. It is also worth bearing in mind that fluorination of Phe-401 is a relatively minor perturbation of structure compared with mutating this residue into a Cys. Notably, only two amino acids distinguish the outer vestibule residues of Na V 1.4, the TTXsensitive channel we study here, and the TTX-resistant cardiac channel Na V 1.5. The latter isoform has a Cys at the aligned position of Tyr-401, and an Arg instead of an Asn immediately adjacent to the outer ring of negative charge in D1. The Asn-to-Arg substitution of this residue by itself causes an ;10-fold decrease in Ca 21 block in a TTXsensitive neuronal sodium channel (3), suggesting another electrostatic determinant of the local concentration of Ca 21 ions in the outer vestibule. The relative roles of these two residues will undoubtedly lead to insights into mechanisms of permeation and block in sodium channels.
In summary, our study demonstrates an electrostatic interaction between an aromatic side chain and Ca 21 ions within the outer mouth of a voltage-gated sodium channel. Highlevel quantum mechanical calculations show that the interaction is likely to occur between the hydrated cation and the aromatic ring.
